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Abstract 
 The Santos Basin Pre-salt reservoirs are located in deepwater offshore Brazil and although the oil has a 
good quality, their CO2 concentrations are higher than those generally found in other Brazilian fields. PETROBRAS 
and its partners established that they will not vent the CO2 produced in the Pre-salt layer to the atmosphere so a CO2
injection scenario is a potential alternative to improve the oil recovery. An extensive monitoring program is being 
considered in order to ensure the Carbon Capture and Geological Storage (CCGS) projects efficiency. However, 
there are several challenges to be confronted concerning the CO2 monitoring in such adverse conditions as the Pre-
salt reservoirs. Among the existing techniques for monitoring offshore storage sites, some of them have already 
technological maturity and applicability to the Pre-salt environment but other methods must rely on some 
development or methodology adaptation to the specific features of these fields and they will be initiatives of the 
PRO-CO2 technological program of PETROBRAS Research Center. This paper addresses the main technological 
challenges for PETROBRAS and its partners related to the methods applicability for the CO2 storage monitoring in 
the Santos Basin Pre-salt Cluster and also exposes the strategies found to solve the problems.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The Pre-salt fields in Santos Basin are large carbonate reservoirs of oil and natural gas overlaid by an extensive 
salt layer which in some areas reaches up to 2 km thickness being considered a perfect seal. These fields are located 
approximately 290 km offshore the Rio de Janeiro coast in the southeast Brazil and they are between 5 and 7 km 
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below the sea level with a water depth that can exceed 2 km (Formigli et al., 2009). Figures 1 and 2 show the cluster 
localization and a schematic geological section of the Santos Basin, respectively. 
. 
Figure 1: Pre-salt Cluster localization. 
Figure 2: Schematic geological section of the Santos Basin (modified from Formigli, 2008). 
The Pre-salt oil is considered a good quality oil - rated as a light oil (about 28º API) -with low acidity and sulfur 
content. Although, there are no conclusive studies on the concentration of CO2 in the region, some wells have shown 
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concentrations of CO2 above those found in the Campos Basin, while others showed concentrations close to zero.  
The concentrations of CO2 in the dissolved gas in Tupi concession, for instance, contains between 8 and 12 % of 
CO2. As these values are higher than those allowed for the natural gas commercialization in Brazil they should be 
removed and discarded.  
Given the internal policies of sustainable development, PETROBRAS and its partners established that they will 
not vent the CO2 associated to the natural gas produced in the Pre-salt layer to the atmosphere. On the other hand, a 
CO2 injection scenario is a potential alternative considered to improve the oil recovery. Thus, the application of 
Carbon Capture and Geological Storage (CCGS) seems to be the best solution for storing the CO2 associated to the 
hydrocarbon produced in the development of the Pre-salt fields. And to ensure the efficiency of the CCGS projects, 
it is necessary the development of an extensive monitoring program in order to verify the site integrity and to make 
sure that the storage is being carried out in accordance with the requirements, minimizing the risk of leaks. 
However, there are several challenges to be confronted concerning the CO2 monitoring in such adverse 
conditions as the Pre-salt reservoirs, especially as they are quite consolidated carbonates so the seismic detection of 
fluids becomes harder. Moreover, it is not feasible to apply well-to-well monitoring methods due to the large 
distances between injection and producing wells and the high costs associated with the drilling and installation of 
observation wells. 
The main technological challenges for PETROBRAS and its partners related to the applicability of the methods 
for the CO2 storage monitoring in the Santos Basin Pre-salt Cluster as well as the strategies found to solve these 
difficulties are here discussed. 
2. Monitoring techniques and its feasibility to be applied in the Pre-salt  
Among the existing techniques for monitoring offshore storage sites, some of them already have technological 
maturity and applicability to the Pre-salt environment, as will be discussed in this paper, but other methods must rely 
on some development or methodology adaptation to the specific features of these fields.  
In 2009, PETROBRAS Research Center has created a technological program called PRO-CO2 that is dedicated 
exclusively to the CO2 issues related to the Pre-salt fields and that must be solved in a very short term. The program 
includes some monitoring initiatives both of seismic and non-seismic methods that will be also discussed as follows. 
The 4D seismic (surveys in the same area at different times) is considered the main monitoring method currently 
available and it is being used in all CCGS reference projects worldwide. However there are some doubts regarding 
the seismic monitoring of the Santos Basin Pre-salt that are related to the carbonate rocks, strongly consolidated and 
with a very high incompressibility, which makes the fluids seismic detection rather difficult in these reservoirs. 
Recent studies of fluid-rock interaction in carbonate rocks indicate the possibility of a decrease in shear modulus, 
called shear weakening, caused by fluids injection in carbonate samples. However, the timescale of the CO2, fluids 
and reservoir rocks reaction is not well understood. So there is a need in the company to deepen the studies about 
acoustic characterization of CO2 high content fluids and the interactions of these fluids with the rock matrix in order 
to explain the temporal scale issues and to quantify changes in elastic moduli. The variations caused by rock-fluids 
interaction may be registered in large coverage areas through multicomponent seismic, OBC data or monitoring 
system and in small areas through the VSP 3D/4C. A 3D/4D seismic numerical modeling is being performed to 
verify the monitoring feasibility of the method. 
Shallow seismic can be an important tool for detecting possible fluid leaks into the seabed and should be used if 
any CO2 migration to the overburden is detected by other monitoring methods. In this sense, it can be a key tool for 
identifying leaks, especially in small-scale features not visible on conventional seismic methods. These tools include 
the Boomer and Sparker systems which differ themselves mainly by the seabed penetration depth (Sparker - 
hundreds of meters; Boomer - tens of meters) and the Chirp system that has higher resolution but less penetration 
(40m maximum). The advantage of using these monitoring methods is that the Pre-salt fields are already being 
covered by this sort of survey so the initial seabed characterization have been performed and any new features on 
the seabed may be a leakage indicative. The method disadvantage is the depth of investigation that is below those of 
conventional seismic, allowing thus only the shallower section visualization. As a result, it appears only as a 
complementary monitoring method. 
The Controlled Source Electro Magnetic – CSEM monitoring is a recently developed system for seabed 
application that allows the direct subsurface detection of the resistors, usually related to hydrocarbon reservoirs. The 
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method sensitivity ranges from tens to thousands of meters. Currently, the technique is in commercial stage in oil 
exploration and in research phase for fluids replacement monitoring in reservoirs. Considering that high content CO2
rocks have similar geoelectric characteristics to those rocks that contain hydrocarbons, it becomes possible to map 
these rocks by CSEM, but it is still necessary to perform a numerical modeling to evaluate its technical feasibility 
for the Pre-salt monitoring.  
Time-lapse gravimetric measurements can be used to detect gravity changes induced by subsurface fluids 
movements due to CO2 injection. For the reservoir monitoring, the high density contrast between gases and liquids 
allows to track these changes over time, depending on the physical characteristics of the site, the CO2 density and its 
subsurface distribution. The gravimetric monitoring offers a singular opportunity to calculate at a reduced cost the 
mass changes in an oil reservoir while they are producing. Such measures are 4D seismic complements and enable a 
better understanding of the recovery processes, production optimization and reserve estimation. This important 
ability also allows the dissolved CO2 estimation, a characteristic that is not visible in seismic data. Numerical 
modeling is also needed to assess the technical feasibility of these methods for monitoring the Pre-salt sites. 
Reservoir and seabed geochemical monitoring may indicate probable plumes and migration routes of the 
injected CO2 and also fluid-rock interactions and well integrity. Geochemical data can be integrated with other CO2
monitoring techniques reducing possible risks of leaks. Almost all methods are mature and are being used to the 
CO2 storage monitoring worldwide so they can also have an immediate application on the Pre-salt fields. 
Downhole Fluid Geochemical Analyses may include CO2, ions and other chemicals measurements. Flow 
Injection Analysis should be employed to quantify inorganic CO2 while Ion Chromatography can determine major 
ions and Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) may define trace elements. Fluids sampling 
requires specific procedure. 
The CO2 origin can be investigated through carbon isotopes and noble gases analysis in gas samples from wells 
and seabed sediment using the Isotope Ratio Mass Spectrometry (IR-MS). Sediment sampling can be done by 
Remotely Operated Vehicle (ROV) using a piston core. ROV can also be used to sample sea water for dissolved 
CO2 analysis and to estimate the CO2 fugacity or CO2 partial pressure. This kind of sampling can also be done by 
a CTD (Conductivity, Temperature and Depth) instrument with a multi-bottle water sample. 
Tracers (trace amounts of exotic compounds) introduced with the CO2 can track the plume in the reservoir. 
Studies with sulfur hexafluoride (SF6) shows that it has performed with efficiency the assessment of the plume 
direction and flow velocity, due to its fluorescence and because it is not so reactive and can be detected at low 
concentrations. There is still a need on tracers studies for CO2 storage monitoring as only preliminary tests were 
performed on CCGS projects worldwide.  
In addition to the geophysical and geochemical techniques, other methods are also available and can be used for 
monitoring the CO2 storage. Well Logging, for example, is a mature technology, well developed in the petroleum 
industry and its use for CO2 has been demonstrated. The logs can provide high-resolution information about the 
properties of rocks, fluids and conditions of the well. Some types of logs are Spontaneous Potential, Gamma Ray, 
Neutron, Sonic, and Density. Downhole pressure and temperature are also mature techniques and strongly 
recommended since they allow both the CO2 migration monitoring as possible fractures reactivation induced by the 
injection process. 
3. Conclusions 
Despite the challenges imposed by geographical and geological Pre-salt conditions, PETROBRAS and its 
partners are looking for solutions to enable the production of the fields in the most sustainable way. For this scenario 
the CCGS implementation seems to be the best alternative followed by a monitoring program that helps to ensure 
the project efficiency. 
There are some CO2 monitoring techniques that already offer technological maturity and applicability to the Pre-
salt environment, some of them usually applied by oil industry such as Well Logging, Downhole Pressure, 
Temperature and Shallow Seismic. We believe that these methods are ready for use in Pre-salt fields without any 
development or adaptation. 
The PRO-CO2 technological program was created by PETROBRAS Research Center to address Pre-salt issues 
and it has some monitoring research initiatives related to methods with potential to monitor such areas but also with 
a need of technological development or methodological adaptations. These monitoring initiatives include some 
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methods that provide technological maturity but need to be tested for the Pre-salt environment (4D Seismic, Time-
lapse Gravimetry) or for CO2 monitoring storage (Tracers and Noble Gases). All other Geochemical Methods
are mature but they should have some methodological adaptations for the Pre-salt conditions, mainly in sampling 
procedures. CSEM is a recently developed method in a quite early stage of development that needs to be tested both 
for the Pre-salt environment and for CO2 monitoring storage. 
Baseline surveys are being provided to record the CO2 pre-injection data which will serve as comparison for 
future monitoring, as well as modeling studies to be run before and during injection defining the use strategy and 
support the data interpretation. 
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